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Summary
Motivation controls behavior [1]. A variety of food-related
behaviors undergo motivational modulation by hunger,
satiety, and other states [2–4]. Here we searched for critical
satiation factorsmodulating approach to an odor associated
with sugar reward in Drosophila melanogaster. We selec-
tively manipulated different parameters associated with
feeding, such as internal glucose levels, and determined
which are required for suppressing conditioned odor
approach. Surprisingly, glucose levels in the hemolymph,
nutritional value, sweetnessof the food,and ingestedvolume
(above a minimal threshold) did not influence behavior
suppression. Instead, we found that the total osmolarity of
ingested food is a critical satiation factor. In parallel, we
found that conditioned approach is transiently suppressed
by artificial stimulation of adipokinetic hormone (AKH) ex-
pressing corpora cardiaca cells, which causes elevation of
hemolymph carbohydrate and lipid concentrations [5, 6].
This result implies that a rise in hemolymph osmolarity,
without the experience of feeding, is sufficient to satiate
conditioned odor approach. AKH stimulation did not affect
innate sugar preference, suggesting that multiple satiation
signals control different sets of appetitive behaviors.
Results
Feeding Reduces Motivation to Approach a Sugar-
Conditioned Odor
Motivation controls the expression of goal-oriented behaviors
[1]. Because of its immediate impact on survival, the motiva-
tional control of food-related behaviors like foraging is of
particular importance [2, 7, 8]. Failure of this control can cause
severe behavioral maladaptations [7, 9]. In humans, failed
control leads to metabolic or eating disorders like obesity,
anorexia, and bulimia nervosa [1, 10].
The starvation-dependent expression of conditioned odor
approach in insects serves as an excellent model to study
the motivational control of memory-dependent food search
[2, 11]. After paired presentations of an odor and a sugar
reward, Drosophila melanogaster learns that the trained odor
predicts food supply and therefore becomes attractive [12].
To elicit conditioned approach, flies must be starved at the*Correspondence: hiromut@neuro.mpg.detime of memory formation and retrieval (Figure 1A) [3, 12].
Even a short episode of feeding just prior to the test is fully
sufficient to suppress conditioned approach (Figure S1B,
available online). As suppressed conditioned approach can
be recovered by starving trained flies again after feeding, it is
not the appetitive memory itself, but behavioral expression,
that is subject to the feeding status (Figure 1A) [2, 3]. Unlike
conditioned approach, aversive olfactory conditioning is
largely independent of feeding state, suggesting that feeding
state has little influence on overall arousal or the ability to
smell or move (Figure S1A). Thus, conditioned odor approach
in Drosophila can be used as a behavioral measure of the
motivation for memory-dependent food search.
Feeding involves a rich repertoire of sensory experiences
and changes gene expression and many physiological param-
eters, such as the distension of the digestive system and the
hemolymph composition [7, 8, 13–17]. We therefore aimed to
identify the critical factor in feeding that signals satiation of
conditioned odor approach. To this end, we separately exam-
ined four feeding-associated physiological parameters: (1)
nutrition of the food, i.e., internal glucose levels, (2) ingested
amount, (3) taste perception, and (4) osmolarity of the ingested
food. These parameters have been shown to signal satiation in
different food-related behaviors [7, 15, 18–20].
Elevated Hemolymph Glucose Is Not Required for
Suppression of Conditioned Approach
In mammals, blood nutrients and especially glucose are
known as satiation signals, and they strongly correlate with
the metabolic status [18, 21]. Consistently, we found that, in
Drosophila, different pure sugars can suppress conditioned
odor approach to a similar extent as the standard food
medium (Figure S2). This prompted us to ask whether the
nutritional value of the ingested food, i.e., the increase of
internal glucose levels, causes this suppression. We took
two different approaches to this end: inhibition of internal
glucose production and supply of a nonnutritive sweetener.
Glucose in the hemolymph is produced through the
cleavage of trehalose, themain blood sugar in insects. A single
enzyme, trehalase, catalyzes this cleavage [22]. To block this
key step of glucose production, we fed flies validoxylamine A
(VA), a high-affinity competitive inhibitor of trehalase (Fig-
ure 1B) [23]. This treatment with trehalose was nearly as lethal
as starvation; rescue was achieved by supplying glucose
(Figure 1C), but not by supplying trehalose (Figures 1C and
1D), together with the VA. Furthermore, VA had no effect on
survival in the presence of glucose alone or maltose, another
disaccharide composed of two glucose moieties (Figure 1C).
These results indicate that VA specifically inhibits trehalose
cleavage in Drosophila and induces hypoglycemia.
Using this pharmacological tool, we examined the effect of
internal glucose availability on conditioned odor approach.
After appetitive training of starved flies, we supplied trehalose
in the presence or absence of VA for 4 hr until the test of
conditioned approach. Surprisingly, nutrient trehalose alone
and nonnutrient feeding with trehalose-VA mixture were
equally effective in suppressing conditioned odor approach
(Figure 1E). Bymeasuring survival, we verified that 4 hr feeding
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Figure 1. Behavioral Expression of Appetitive Memory Is Independent of Glucose Production
(A) Food deprivation is required for appetitive memory formation and expression. Feeding protocols with respect to conditioning regimes are shown left.
Short feeding (20 min) before the test significantly suppresses conditioned odor approach, whereas the same feeding regime after the training, followed by
11 hr 40 min of restarvation, leads to significant expression of conditioned odor approach. Administration of food before the training suppresses memory
formation. n = 16–32. Bars and error bars represent median and quartile, respectively. *p < 0.05; NS: no significance.
(B) Chemical structures of trehalose and VA.
(C) The effect of VA feeding on survival. The feeding regime is shown above the graph. Addition of VA (5 mM) specifically reduces the survival rate of flies that
are fed with 0.5 M trehalose (Tre) to the control level (agarose with VA) (bp > 0.05). All the other sugar-fed groups (glucose [Glu] or maltose [Mal]) have signif-
icantly higher survival rates than the agarose controls (ap < 0.05). The effect of VA is fully rescued by adding glucose (1 M). n = 9.
(D) The effect of 4 hr VA administration on survival. The feeding regime is shown above the graph. The survival rate of flies fedwith trehalose (0.125M) and VA
(20 mM) is not significantly different from the control (ap > 0.05), whereas the rate for the same trehalose administration without VA is significantly higher than
all the other groups (bp < 0.05). n = 25–31.
(legend continued on next page)
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Figure 2. Effect of Sweet and Nonnutritive
D-Arabinose on Conditioned Approach and
Ingestion
(A) D-arabinose is sweet for flies. Single-
sensillum electrophysiological recordings of la-
bellar sensilla are performed in response to
glucose and D-arabinose. D-arabinose and
glucose evoke similar responses of sweet
receptor neurons with similar concentration
dependency (p > 0.05 for each concentration
point; n = 10–11). Bars and error bars indicate
median and quartile, respectively.
(B) D-arabinose is not nutritive. The feeding
regime is shown above the graph. The median
survival rate of the group fed with 1 M arabinose
(Ara) is not significantly different from the control
(agarose [2]; NS, p > 0.05). The reduction of
survival is fully rescued by addition of 1 M
glucose (Glu). n = 6–8. Bars and error bars indi-
cate median and quartile, respectively.
(C) D-arabinose and glucose feeding for 15 min
similarly suppress conditioned odor approach
(p > 0.05 for each concentration point). The
feeding regime is shown above the graph.
Increasing concentrations of both sugars simi-
larly enhance suppression. n = 16–47. Bars and
error bars indicate mean and SEM, respectively.
(D) Ingestion of D-arabinose and glucose at
different concentrations. The feeding regime is
shown above the graph. Glucose is consumed
significantly more than D-arabinose at each
concentration point (*p < 0.05). Increasing the
concentration of either sugar does not enhance
consumption. n = 8–11. Bars and error bars indi-
cate mean and SEM, respectively.
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509of VA, as in the conditioning experiments, results in complete
trehalase inhibition (Figure 1D). These results suggest that the
internal glucose level is not essential to signal satiation in
conditioned odor approach.
As an additional approach to test the effect of the nutritional
value of food, we used a nonnutritive sugar for Drosophila, D-
arabinose (Figures 2A and 2B) [24, 25]. Electrophysiological
recordings of the labellar sensilla revealed that D-arabinose
stimulates the sweet receptor neurons with a similar efficiency
to glucose (Figure 2A). As reported, flies failed to survive on
D-arabinose [24, 25]. Additional supply of glucose fully
rescued this lethality (Figure 2B), suggesting no significant
toxicity of D-arabinose.
To assess whether D-arabinose suppresses conditioned
odor approach, we fed flies with different concentrations of
arabinose or glucose for 15 min prior to the test of 4 hr
memory. Both nutrient glucose and nonnutrient arabinose
effectively suppressed conditioned approach (Figure 2C).
The dose-response curves of glucose and D-arabinose were
surprisingly similar (Figure 2C). Taken together, these results
suggest that the nutritional value of food is not a necessary
satiation factor in suppression of conditioned odor approach.
Ingested Volume Is Not Critical to Suppress Conditioned
Odor Approach
Ingestion of food and resulting distension of the digestive
system can signal satiation in mammals and insects [19, 26,(E) The effect of 4 hr VA administration on conditioned odor approach. The fe
Trehalose feeding causes significant suppression of conditioned odor approa
significantly affect the suppression of conditioned odor approach caused by tr
mean and SEM, respectively.27]. Surprisingly, we found that flies consume significantly
more glucose than D-arabinose at every tested concentration
and under experimental conditions similar to those used for
appetitive memory expression (Figure 2D). In contrast, both
sugars equally suppressed conditioned approach in a strong
concentration-dependent manner (Figure 2C). Thus, we
conclude that the volumetric signals of the digestive system
that are caused by ingestion are not a critical determinant for
the suppression of conditioned odor approach.
Osmolarity of the Ingested Food Mediates Suppression
of Conditioned Approach
Under the experimental conditions described so far, sweet-
ness and solute concentration increase in tandem (Figure 2A).
Higher concentrations of a purely sweet solution may better
suppress conditioned odor approach due to sweetness or
due to simple osmolarity (collective concentration of solute).
To dissociate these two factors, we supplied either a pure
sweet food (glucose) or a mixture of glucose and one non-
sweet substance (NaCl, KCl, or glycine) that significantly
reduced the sweet-taste response (Figure 3A) but increased
the overall solute concentration. We fed trained flies for
15 min prior to the test of 4 hr appetitive memory (Figure 3B).
Glucose served as a phagostimulant, and the concentration
(0.3 M) was chosen to allow for further suppression by
additional substances (Figure 2C). We found that all three
additional ingredients augmented the suppressive effect oneding regime (above the graph) and concentrations are the same as in (C).
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Figure 3. Dissociation of Sweet Taste and Osmolarity
(A) Single-sensillum recording of sweet (green) or salt (blue) receptor
neurons in response to 0.3Mglucose in the presence or absence of different
salts (0.3 M) or glycine (Gly; 0.6 M). NaCl and KCl evoke significant salt
responses (cp < 0.05, compared to zero). Additional salts significantly
suppress the sweet response of glucose (ap < 0.05, compared to the
glucose response). Addition of glycine does not evoke additional spikes
to glucose (bp > 0.05). n = 12–30. Bars and error bars indicate median and
quartile, respectively.
(B) The feeding regime is shown above the graph. The concentration of each
substance is the same as in (A). Conditioned approach is suppressed further
by the addition of different salts or glycine to glucose (ap < 0.05, compared
to the control with glucose feeding alone). These substances alone do not
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510conditioned approach (Figure 3B). Interestingly, the chemical
nature of the additional ingredient was irrelevant for this syner-
gistic satiation (Figure 3B). Thus, osmolarity of the ingested
substance appears to be a key determinant in satiating condi-
tioned odor approach. Sweetness seems to be necessary to
stimulate ingestion of substances (Figure 3C) [16] but not to
satiate conditioned approach. Without added glucose as
a phagostimulant, none of the three substances suppressed
conditioned odor approach (Figure 3B) probably because flies
barely ingested these substances (Figure 3C). Because
a threshold level of ingestion is required for behavior suppres-
sion, the osmolarity signal is probably detected internally,
rather than by external sensors.
Activation of AKH-Expressing Cells Is Sufficient to Satiate
Conditioned Approach
In the locust, it was suggested that an increase of hemolymph
osmolarity has a satiating effect on food ingestion [28]. To
determine whether osmolarity detection is external or internal,
we examined the effect of an artificial increase of hemolymph
solutes on satiation in conditioned approach. In Drosophila,
AKH, the functional counterpart of the mammalian glucagon
[29], increases the levels of trehalose and lipids in the hemo-
lymph [5, 6]. AKH is specifically expressed in the glandular
lobe of the corpora cardiaca (Figures 4A and 4B), from which
no other released peptide has been detected [5, 6, 29]. To
induce a transient increase of carbohydrate and lipid concen-
trations in the hemolymph without feeding, we artificially stim-
ulated the AKH-producing cells. Transgenic expression of
a temperature-sensitive cation channel, dTRPA1, with AKH-
GAL4 [5, 30] allows selective thermoactivation of the AKH-
expressing cells (Figures 4A and 4B). Transient activation of
AKH-expressing cells by shifting ambient temperature to
33C significantly increased glucose levels (Figure 4F). We
found that the activation of the AKH-producing cells directly
before the test of 4 hr memory fully suppressed conditioned
odor approach despite the absence of feeding (Figure 4C).
Moreover, the same stimulation had no significant effect
when it was applied right after training (Figure 4C); the effect
of AKH activation diminished within 4 hr. The associated
temperature shift did not significantly affect the performance
of control genotypes (Figure 4C).
An alternative explanation of the AKH cell stimulation
result is that activation of any neurosecretory pathway,
particularly one involved in feeding behavior, might disrupt
motivation. We tested this possibility by perturbing normal
insulin signaling, which is elevated after feeding and reduces
sugar levels in the hemolymph [13, 31]. We activated the
DILP2-expressing median neurosecretory cells after the
feeding of different concentrations of glucose (Figure 4D).
Thermoactivation of DILP2 signaling had no significant
effect on subsequent conditioned odor approach, consistent
with the result of the VA-dependent block of glucose produc-
tion (Figure 1).
Importantly, stimulation of the AKH-producing cells had no
significant effect on conditioned odor avoidance after trainingsuppress conditioned odor approach (bp > 0.05, compared to the control
with agarose feeding). n = 19–43. Bars and error bars indicate mean and
SEM, respectively.
(C) Ingestion of the substances described above. Addition of salts signifi-
cantly suppresses the ingestion of glucose (ap < 0.05). Addition of glycine
has a similar effect (bp > 0.05). n = 11–12. Bars and error bars indicate
median and quartile, respectively.
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Figure 4. Thermoactivation of AKH-Producing Cells Selectively Suppresses Conditioned Odor Approach
(A and B) GAL4 expression visualized by mCD8::GFP (green) counterlabeled with phalloidin (magenta) in a sagittal section of agarose-embedded AKH-
GAL4. Anterior is left and dorsal is up. (A) is the overview and (B) is the magnification. The glandular lobes of the corpora cardiaca that are attached to
the esophagus are specifically labeled. AKH-producing cells have ascending and descending neurites (B). B, brain; S, subesophagial ganglion; O, esoph-
agus; P, proventriculus; M, midgut; TG, thoracic ganglion; F, flight muscle.
(C) Conditioned odor approach measured at 4 hr after the training. The stimulation regime is shown above the graph. Every group received three different
kinds of stimulation protocols: 40 min of thermoactivation is applied immediately after the training (blue), directly before the test (orange), or not at all as
a control (white). Conditioned approach of AKH-GAL4/dTrpA1 flies is only abolished when the stimulation is applied before the test (ap < 0.05, compared
to the two control genotypes). The same stimulation after the training or no stimulation does not have a significant suppression (b p < 0.05). n = 8–14.
(D) Conditioned odor approach is not affected by the stimulation of the median neurosecretory cells after short feeding. The feeding protocols with respect
to conditioning and activation regimes are shown above the graph. Four hour appetitive memory is measured after transient activation of DILP2-expressing
cells following feeding of different concentrations of glucose.
(E) Conditioned odor avoidance after aversive associative training with electric shock is not significantly affected (NS, p > 0.05, compared to the two control
genotypes). n = 15–16.
(F) Preference ofAKH-GAL4 / dTrpA1 flies for 2M sucrose is not significantly impaired with (orange) or without (white) thermoactivation (p > 0.05, compared
to the two control genotypes). n = 8.
(G) The mean glucose quantity divided by the protein mass increases upon activation of AKH-expressing cells (*p < 0.05). Throughout the figure, bars and
error bars represent mean and SEM, respectively.
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512with electric shock (Figure 4E), indicating that odor discrimina-
tion and locomotion are unaffected. Interestingly, naive
sugar preference remained unchanged after stimulation of
AKH-producing cells (Figure 4F), whereas a short feeding
significantly satiated sugar preference (Figure S3). These
results suggest that different behaviors have distinct satiation
signals and stimulation of AKH-producing cells specifically
suppresses learned odor approach.
Discussion
The motivational control of food-searching behavior is impor-
tant for survival. To better understand how flies monitor their
need to forage, we explored the nature of food-derived signals
that suppress conditioned odor approach. By inhibiting
internal glucose production and using nonnutritive feeding,
we showed that the nutrition of ingested food is not critical
for suppressing the motivation for conditioned odor approach
(Figures 1 and 2). Neither the amount nor the sweetness of in-
gested food correlated with the extent of the suppression of
conditioned approach, although ingestion itself appears to
be necessary (Figure 3). On the other hand, we found a clear
correlation with the osmolarity of the ingested food—high
osmolarity mixtures of glucose with nonsweet solutes were
strikingly more suppressive than lower-osmolarity glucose
alone (Figure 3). Thermoactivation of AKH-producing cells
confirmed that the distension of the digestive system and
taste experiences are dispensable for satiating conditioned
approach. AKH is unlikely to be a direct satiation signal,
because it is released in response to low blood sugar levels
[6] and apparently decreases the threshold for naive foraging
and food intake [5, 32]. dNPF and a subset of dopamine
neurons in Drosophila were involved in satiating motivation
for conditioned odor approach [2]. It will thus be interesting
to identify how the osmolarity signal is measured and whether
it is transmitted to the dNPF-dopamine circuit.
Onewayfliesmight detect osmolarity is tomeasure a change
in membrane tension using transmembrane proteins such as
external water receptors on the legs and labellum [33–35].
However, since high-osmolarity food must be ingested to
satiate conditioned odor approach (Figure 3), we suspect
that the underlying osmolarity sensor is internal.
Although our results showed that sweet taste is not a critical
determinant for satiating conditioned approach, it is clearly
important for ingestion [7, 16, 36]. Because sweet substances
in Drosophila’s natural habitat are usually metabolized [7], and
because flies rigorously select sweet foods, a collective
measure of osmolarity may be a sufficient indicator of satiety
[7, 20, 27]. Some solutes (e.g., NaCl, see Figures 3B and 3C)
were notably stronger suppressors relative to volume in-
gested. As recently reported, selective molecules such as
internal fructose can be a satiation signal [37]. Thus, we
suspect that different solutes may be more effective at
triggering the sensor. Exclusive detection of more specific
signals such as amino acid levels or hemolymph glucose
concentration through Insulin/TOR signaling might be used
for particular physiological traits that need more precise
controls [20, 38, 39, 40].
AKH stimulation selectively suppressed sugar-conditioned
odor approach, but not naive sugar preference (Figure 4).
Thus, increase of hemolymph osmolarity might act as a selec-
tive satiation signal for the motivational value of conditioned
odor (‘‘wanting’’), but not for the attractiveness of a presented
stimulus (‘‘liking’’) [2]. Similar dissociation was also observedin mammals. For example, artificial suppression of the meso-
limbic dopamine neurotransmission causes a loss of
‘‘wanting’’ but leaves ‘‘liking’’ of sugar intact [1]. Finally, we
note that the regulation of AKH, the functional counterpart
of glucagon, could provide a useful tool to investigate the
basis of metabolic disorders [41].
Experimental Procedures
Flies
The wild-type Drosophila melanogaster strain used in this study was
Canton-S. Two- to five-day-old, mixed male and female flies were used
for all experiments. All flies were reared and kept on standard Drosophila
media under a light and dark cycle at 25C and at 60% relative humidity
without controlling mating state.
For immunohistochemistry, females of AKH-GAL4 were crossed to
males containing UAS-mCD8::GFP. For the stimulation of the corpora
cardiaca or the median neurosecretory cells, the temperature-sensitive
cation channel dTRPA1 was expressed in AKH- or DILP2-expressing
cells by crossing female w; UAS-dTrpA1 (II) [30] and male y w; AKH-GAL4
(III) [5] or w; dilp2-GAL4 [31], respectively. The progeny of the associated
crosses w 3 w; UAS-dTrpA1 (II) and w 3 AKH- or dilp2-GAL4 served
as genetic controls. For thermostimulation of AKH-producing cells, flies
were transferred to moistened and preheated vials and stored at 33C
for 40 min. For the stimulation of the median neurosecretory cells,
trained flies were transferred 3 hr after training to different concentrations
of glucose for 20 min and were subsequently thermoactivated by being
transferred into preheated vials and stored at 33C for 40 min. After
the heat treatment, conditioned odor approach was measured as
described above.
Olfactory Conditioning
Olfactory conditioning reinforced either by a sugar reward or by an electric
shock punishment was described previously [42, 43]. See Supplemental
Information for detailed descriptions about conditioning protocols, starva-
tion, feeding substances, and statistical analysis.
Sugar Preference
Flies were allowed to choose between a control half and a sucrose-soaked
half sheet of filter paper on the bottom of a Petri dish [44]. See Supplemental
Information for detailed protocols.
Immunohistochemistry
Flies were anesthetized with CO2 and washed with 70% ethanol. Legs and
wings were removed under phosphate-buffered saline (PBS). The flies
were fixed overnight at 4C in 4% formaldehyde in PBT (PBS, 0.1% Triton
X-100) through openings in abdominal tergites and cuticles of the thorax.
Flies were rinsed in PBS (2 3 20 min), embedded in 7% agarose (Biomol),
and sectioned sagittally at 80 mm with a vibrating microtome (Leica VT
1000S). Subsequently, standard immunohistochemistry followed by
confocal microscopy was applied. See Supplemental Information for
details about the protocol.
Food Intake
Amount of food intake wasmeasured according to the previously published
protocol [45–47]. See Supplemental Informationfor details about the
protocol.
Electrophysiology
Nerve responses from single labellar chemosensilla were recorded using
the tip-recording method [48] followed by the data analysis using a custom
software, dbWave [49]. See Supplemental Informationfor details about
the protocol.
Glucose Determination
The glucose levels were measured using the glucose/glucose oxidase
reaction. See Supplemental Information for details about the protocol.
Supplemental Information
Supplemental Information includes three figures and Supplemental
Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2013.02.010.
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